Background: Particulate air pollution has been associated with several adverse cardiovascular health outcomes, and people with diabetes may be especially vulnerable. One potential pathway is inflammation and endothelial dysfunction-processes in which cell adhesion molecules and inflammatory markers play important roles. Aim: To examine whether plasma levels of soluble intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and von Willebrand factor (vWF) were associated with particle exposure in 92 Boston area residents with type 2 diabetes. Methods: Daily average ambient levels of air pollution (fine particles (PM 2.5 ), black carbon (BC) and sulphates) were measured approximately 500 m from the patient examination site and evaluated for associations with ICAM-1, VCAM-1 and vWF. Linear regressions were fit to plasma levels of ICAM-1, VCAM-1 and vWF, with the particulate pollutant index, apparent temperature, season, age, race, sex, glycosylated haemoglobin, cholesterol, smoking history and body mass index as predictors. Results: Air pollutant exposure measures showed consistently positive point estimates of association with the inflammatory markers. Among participants not taking statins and those with a history of smoking, associations between PM 2.5 , BC and VCAM-1 were particularly strong. Conclusions: These results corroborate evidence suggesting that inflammatory mechanisms may explain the increased risk of air pollution-associated cardiovascular events among those with diabetes.
O utdoor air quality standards worldwide are intended to protect the most sensitive people in the population, yet studies linking outdoor pollution and health have observed associations even at pollutant levels well below the standards. 1 2 One important regulated pollutant is particles ,2.5 mm in aerodynamic diameter (PM 2.5 ), formed as a result of fossil-fuel combustion by motor vehicles and stationary sources such as power plants. These fine particles are of concern for health as they can deposit in the lower airways and gasexchanging portions of the lung, even reaching the circulatory system. 3 Exposure to increased levels of outdoor particulate air pollution has been consistently linked to cardiovascular morbidity and mortality, and to changes in subclinical indicators of cardiovascular function. 4 Inflammation due to oxidative stress may be one responsible mechanism, 4 as suggested by both animal and human studies. [5] [6] [7] Individuals with diabetes are at greater risk of dying 8 and being hospitalised for heart disease 9 during periods of high air pollution. Long-term exposure to PM 2.5 was associated with a higher relative risk of mortality among people with diabetes compared with the general population. 10 Hence, those with diabetes may be considered a sensitive population. Examining the potential biological mechanisms responsible for this enhanced susceptibility, and identifying specific air pollution sources that may be more toxic, is therefore a priority for researchers and policy makers. 4 Obesity is prevalent among people with diabetes and involves an increased inflammatory burden, thus lending plausibility to the idea that inflammation is involved in sensitivity to the cardiovascular effects of particles. 11 12 Inflammation is a key pathway leading to atherosclerosis and subsequent adverse cardiovascular events, 13 and several blood markers of inflammation are being evaluated for their ability to predict prevalent or incident cardiovascular disease. These include the intercellular adhesion molecule 1 (ICAM-1) and the vascular cell adhesion molecule 1 (VCAM-1), which are expressed on cell surfaces and are also found, in soluble form, in the plasma. 14 Another inflammatory marker is von Willebrand factor (vWF): a polypeptide involved in the thrombotic pathway, and a marker of endothelial damage or dysfunction. 15 Increased plasma levels of soluble ICAM-1 and VCAM-1, and vWF have been associated with inflammatory, cardiovascular and neoplastic disease outcomes, [14] [15] [16] [17] [18] [19] [20] [21] although VCAM-1 associations have been less consistent than for ICAM-1. 17 18 22 Prospective studies have linked vWF with risk of heart attack and coronary heart disease. 16 23 Increased levels of vWF and soluble VCAM-1 and ICAM-1 are also associated with diabetes prevalence, 24 25 and higher VCAM-1 and ICAM-1 levels are associated with development of type 2 diabetes and its complications. 25 26 A few toxicological and epidemiological studies have examined the associations between ICAM-1, VCAM-1, and/or vWF levels and particle exposures, [27] [28] [29] [30] [31] [32] [33] but none focused specifically on individuals with diabetes. Previously, we evaluated impaired vascular reactivity as one potential mechanism for increased sensitivity to particle-mediated health effects. 34 This study examines whether ambient levels of airborne particles are associated with inflammation, as marked by increased ICAM-1, VCAM-1 and vWF plasma levels, among people with diabetes residing in metropolitan Boston, Massachusetts, USA.
METHODS

Study participants
In this cross-sectional study, participants were enrolled in four clinical trials conducted at the Joslin Diabetes Center and Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA, to examine the effects of drugs [35] [36] [37] and vitamin E supplementation on various indicators of cardiovascular health. 38 Data taken at baseline examinations (before randomisation to treatment) between May 1998 and December 2002 were pooled for this analysis. Study participants analysed for the present study had type 2 diabetes as defined by American Diabetes Association criteria. 38 Although people without diagnosed diabetes were included in some of the trials, sample sizes were small, limiting the ability to make useful comparisons, 34 and the current goal was to evaluate potential mechanisms only among the group already identified as being susceptible in previous populationbased studies.
Ethical approval
The original protocols and data used for the present analysis were approved by the ethics committee or institutional review board at participating institutions, and procedures followed institutional guidelines. All participants were recruited through local advertisement and gave written informed consent for the original trial protocol.
Selection and exclusion criteria
Participant exclusion criteria were developed for the clinical trials. We excluded subjects with overt diabetic complications, including severe peripheral somatic neuropathy by screening examination or macroalbuminuria (albumin/creatinine ratio .300 mg/g); those who had smoked in the past 6 weeks and those with congestive heart failure; atrial fibrillation; atrial flutter; ventricular tachycardia or fibrillation; stroke or transient ischaemic attack; uncontrolled hypertension (systolic blood pressure .180 mm Hg or diastolic blood pressure .105 mm Hg); severe dyslipidaemia (triglyceride level .600 mg/dl or cholesterol level .350 mg/dl); bypass surgery owing to peripheral vascular disease; seizure disorder; and those taking non-steroidal anti-inflammatory drugs or aspirin. Finally, subjects included in the current analysis were either not taking antihypertensive or lipid-lowering drugs, or were taking a stable dose of these medications for at least 6 months, with documented blood pressure and lipid control.
Clinical measurements
Clinical evaluations were made during the morning hours at the Joslin Diabetes Center's Clinical Research Center after an overnight fast. Weight, height and body mass index (BMI) were obtained using standard procedures, and a questionnaire on vital statistics, medical history and drug use was administered. A physician performed the general physical examination on all participants. Volunteers were asked not to take diabetes drugs (sulphonylureas or metformin) for the previous 12 h, and those taking insulin were requested to abstain from taking rapidacting insulin on the morning of their evaluation. Blood was drawn from an antecubital vein, without venous stasis. Soluble ICAM-1, soluble VCAM-1 and vWF were measured in plasma in duplicate using the enzyme-linked immunosorbent assay method (R&D Systems, Minneapolis, Minnesota, USA (soluble ICAM-1 and soluble VCAM-1); Asserachrom, American Bioproducts, Parsipanny, New Jersey, USA (vWF)) as has been reported in previous studies. 25 Glycosylated haemoglobin (HbA1c) concentrations (an indicator of glycaemic load) in whole blood were determined using ion-exchange highperformance liquid chromatography.
Air pollution and meteorology Air pollution concentrations were measured at a Harvard School of Public Health ambient monitoring site located approximately 1K km from the clinic. Standard quality assurance and control procedures were used for collecting, processing and reporting all pollutant measurements. Three measures of particulate air pollution were evaluated for their association with the blood inflammatory markers: all PM 2.5 , black carbon (BC) and sulphate (SO 4 22 ). Ambient PM 2.5 was measured with a tapered element oscillating microbalance (Model 1400A, Thermo Electron, East Greenbush, New York, USA), BC with an aethalometer (Magee Scientific, Berkeley, California, USA) and SO 4 22 with a Harvard-EPA annular denuder system sampler. We used a season-specific correction factor, based on the data from a collocated gravimetric sampler, to compensate for loss of semi-volatile mass using the tapered element oscillating microbalance sampler. Particulate SO 4 22 was measured as an integrated 24-h sample (from 09:00 to 09:00 h), with PM 2.5 and BC measured hourly. Missing hourly data for PM 2.5 and BC were imputed using regression modelling, including a long-term time trend, day of week, hour of day, temperature, relative humidity, barometric pressure and nitrogen dioxide as predictors, and the directly measured and imputed values used to construct 24 h averages (morning to morning).
BC is a component of PM 2.5 frequently used to indicate traffic emissions, especially those related to diesel fuel combustion. SO 4 22 particles are another component of PM 2.5 originating primarily from coal-burning power plants, often transported regionally over long distances (eg, hundreds of kilometers). 39 PM 2.5 represents all combustion particles. PM 2.5 concentrations were available for the entire study period, with SO 4 22 concentrations available after October 1999 and BC concentrations after February 1999. Daily mean temperature, relative humidity and barometric pressure measurements were measured at the National Weather Service Station at Logan Airport (East Boston) located approximately 12 km from the diabetes clinic (Earth-Info, Boulder, Colorado, USA).
Statistical analysis
Clinical and environmental data were merged by date to evaluate associations with each particulate pollutant measure (in one-pollutant models) on the day of the patient's examination, controlling for patient characteristics and weather. In addition to the same-day pollution exposure, five other exposure periods were examined: the lagged moving averages of days 0 to 1, 2, 3, 4 and 5. Exposures up to 6 days before the examination day were chosen on the basis of research showing that multi-day average exposures predicted cardiovascular outcomes better.
The ICAM-1 and VCAM-1 variables were log transformed to achieve normal distribution. The vWF levels were expressed in percentages (100% being the normal mean value) and were normally distributed. Fewer vWF measurements were available than the ICAM-1 and VCAM-1, because these data were pooled from four distinct clinical trials, not all of which evaluated vWF. We also explored whether those participants not known to be taking lipid-lowering drugs, statins (n = 73) and those who had smoked in the past (n = 39) had different associations between the inflammatory markers and air pollution, by excluding those known to be taking statins from one analysis and then stratifying by smoking status. The small number of patients taking statins (n = 19) precluded a robust analysis in this subgroup.
We used linear regression, controlling for patient characteristics selected a priori as likely predictors of ICAM-1, VCAM-1 and vWF concentrations, including age, sex, BMI, past smoking and race. Complete information was available for cholesterol levels, HbA1c and fasting blood glucose. Because fasting glucose levels were missing for five individuals, and were highly correlated with HbA1c (Pearson's correlation coefficient 0.82, p,0.001), we used HbA1c as a surrogate of glycaemic control. We included HbA1c and total cholesterol as these covariates may be related to inflammation.
Some observed ICAM-1 and VCAM-1 levels were relatively high, although all were within previously reported levels. To assess sensitivity to the influence of these extreme values, we re-conducted the analysis excluding values higher than the mean (¡3 SD). Three VCAM-1 and four ICAM-1 observations fit this criterion.
To control for the potential impacts of weather, same-day apparent temperature (AT), an index of thermal comfort calculated from dew point and temperature, was included in the models as a linear term. AT is calculated as AT = 22.653+(0.9946Ta)+(0.01536Td
2 ), where Ta is air temperature and Td is dew point temperature. Indicator variables for the seasons were also included.
RESULTS
Complete information on the ICAM-1 and VCAM-1 outcomes and covariates used for the linear regressions was available for 91 of the participants with diabetes; 38 had data available for the vWF analysis ( (table 2) . PM 2.5 , BC and meteorological measurements were available for every day the patients visited the clinic. In contrast, SO 4 22 measurements were available for only 59 days. Positive and significant Spearman's correlations (r) were observed between PM 2.5 and SO 4 22 (r = 0.50, p,0.001), and between PM 2.5 and BC (r = 0.63, p,0.001). There was little correlation between BC and SO 4 22 (r = 0.07, p = 0.21), and small and non-significant correlations between the three particle pollutants and AT (r = 20.17 to 0.13, respectively). Table 3 shows results for the complete sample of participants with diabetes as well as for those who were not taking statins. Although CIs around the point estimates were wide, probably owing to sample size limitations, the point estimates for almost all lag times and inflammatory markers were positive, suggesting a trend. The exception was relationships between SO 4 22 and VCAM-1 for which some negative point estimates were observed, but none were significant. The most consistent effects were seen for BC, with increases in inflammatory marker levels ranging from 4% to 28% according to the pollutant lag time. Most lags were significant for VCAM-1, with some significant associations with ICAM-1 and vWF. The effects tended to increase with longer lag times for the exposures. PM 2.5 was significantly associated with increases in VCAM-1 for the 5 and 6-day average exposures. When examining just those not taking statins, the point estimates of association between PM 2.5 and both VCAM-1 and ICAM-1 were consistently higher than in the full population, with a few more associations attaining significance.
Among participants who reported having smoked in the past (but not within 6 months of study enrolment), associations between PM 25 and BC, and VCAM-1 were positive and significant for all but one of the exposure lags evaluated, ranging from 12% to almost 32% increases in this marker per interquartile range in the pollutant (table 4). All point estimates of association with these particles and vWF were positive, and three were significant (table 4) . By contrast, among those who reported never smoking in the past, only one association, that between BC and VCAM-1, was positive and significant.
After removing the three extreme values of ICAM-1 and four for VCAM-1, some associations (particularly with BC and ICAM-1) were found to have reduced and become nonsignificant. However, since the values were biologically plausible and the patterns of positive association remained consistent, the full sample was retained for the results reported here.
DISCUSSION
Among people with type 2 diabetes in Boston, airborne particles, especially BC concentrations, were significantly associated with increased levels of inflammatory markers that predict adverse cardiovascular effects. Although many of the estimates were imprecise owing to limited sample size, the overall trend of the point estimates was positive, consistent with recent epidemiological findings from other populations. When individuals taking statins were excluded from the analyses, we observed stronger associations with pollution among them, and among those with a history of smoking compared with those who had not smoked. We have previously shown that statins, which promote anti-inflammatory and antioxidant activity, can blunt the effects of air pollution on cardiac autonomic function, 11 so the results seen here are consistent with that mechanism.
These results provide additional evidence suggesting that the enhanced susceptibility of people with diabetes to air pollution may be partly due to inflammatory mechanisms. Other research among a range of populations not comprised solely of people with diabetes evaluated similar inflammatory markers. Among 57 elderly German men with coronary artery disease, associations between various inflammatory markers and ambient air pollution levels, lagged up to 5 days prior to blood draw, were examined. 32 Associations of PM 10 with particles between 0.1 mm and 1.0 mm in aerodynamic diameter, as well as of elemental and organic carbon with corresponding plasma ICAM-1 concentrations above the 90th centile existed for lags 1 and 2. 32 No significant associations with ICAM-1 were seen using linear regression. This observation is consistent with the hypothesis that individuals in the upper end of the distribution for certain subclinical parameters are the most sensitive. For vWf, statistically significant positive associations were seen for PM 2.5 and for particles between 0.1 mm and 1.0 mm in aerodynamic diameter only for the 5-day average exposure. 32 In a population of 10 208 middle-aged men and women in the US, an increase of 12.8 mg/m 3 of PM 10 (measured using ambient monitors) the day before the blood draw was associated with a 3.93% increase in vWF (p,0.05), controlling for age, sex, ethnicity, cardiovascular and respiratory disease history, weather, education, smoking, drinking and BMI. 30 Levels of PM 10 measured 2-3 days before the blood draw were not associated with any of the haemostatic and inflammatory markers evaluated in that study, and multiday averages were not examined. 30 In a study of healthy young male state troopers in North Carolina, vWF levels increased 11.8% (p = 0.018) with each 10 mg/m 3 increase in PM 2.5 measured inside patrol cars 10-14 h prior to the blood draw. 31 All three studies, although carried out in diverse populations with differing exposure assessment, find results consistent with the pattern observed in ours. People with diabetes are likely to have higher levels of inflammation than other populations, such as healthy young males, but these differences are not likely to confound associations between inflammatory markers and air pollution, and the consistency of associations across all our studies suggests that this mechanism is one plausible explanation for the observed links between air pollution and adverse cardiovascular events. It is worth noting that many of our participants were in the obese range, and obesity was associated with a greater inflammatory effect of PM (results not shown). However, since obesity, hypertension, hyperlipidaemia and glucose control are all interconnected, it was not possible to discern which of these factors increased vulnerability to PM.
In addition to epidemiological research, controlled exposure studies offer evidence of an inflammatory mechanism that includes endothelial activation (as indicated by cellular adhesion molecules) for air pollution health effects. A controlled exposure study showed that after human volunteers inhaled 300 mg/m 3 of diesel particles for 1 h, increased levels of ICAM-1 and VCAM-1 were expressed in the bronchial lining fluid and tissue. 29 Another study exposed healthy and asthmatic subjects for 2 h to 100 mg/ m 3 of diesel particles. Levels of VCAM-1 on the vascular endothelium from a bronchial biopsy specimen increased twofold among healthy subjects 6 h after exposure, but no changes were observed among those with asthma, and ICAM-1 levels did not change in either group after exposure. 28 In another study, healthy subjects and subjects with asthma were exposed to 200 mg/m 3 concentrated ambient particles in the fine (,2.5 mm aerodynamic diameter) size range for 2 h, and then to filtered air. Plasma concentrations of ICAM-1 were measured in venous blood samples taken just before exposure, then 4 and 22 h after exposure. Soluble ICAM-1 increased in both healthy subjects and subjects with asthma 4 h after exposure to the concentrated ambient particles, with even higher levels 22 h afterwards, but not among the same subjects exposed to filtered air. 27 In another chamber study, 2-h exposures to 150 mg/m 3 of diesel particles were found to enhance levels of VCAM-1 in the bronchial mucosa among healthy subjects, but not among those with mild asthma, but ICAM-1 levels were not increased after diesel exposure in either group. 33 We evaluated, in a free-living population, associations with particles whose chemical composition broadly links them with different pollutant sources. The associations between BC and VCAM-1 observed in our study are consistent with the findings on diesel chamber exposure. Positive and significant associations were seen, especially among individuals not taking statins and those who had a history of smoking, which may reflect cardiovascular damage and/or a residual inflammatory burden from this practice. These results provide some indication that mobile source emissions (as indicated by BC) may have a preferential mechanism of action in promoting VCAM-1 activation. Corresponding results were not seen between SO 4 22 and the inflammatory markers, which, particularly in the Boston area, reflect regional contributions from coalburning power plants. For associations between SO 4 22 and the inflammatory markers for this study, only two positive and significant associations were observed, although sample size was smaller than for BC and PM 2.5 owing to limited monitoring of SO 4 22 during the study period. The differences between the effect estimates for the various particle sources were not great, but tended towards larger effects with the longer exposure averaging times for both PM 2.5 and BC and the adhesion molecules. Not all previous studies have examined such long lags for exposures-for example, the Liao study examined pollution levels 1, 2 and 3 days prior, 30 and the Riediker study looked at just 1 day before the blood draws. 31 Cumulative exposures over several days may be important for activation of inflammatory and vascular responses. Alternatively, averaging particle measurements over several days may reduce measurement error and hence yield stronger associations, even though the window of relevance for activating an inflammatory response may be much shorter. Longer-lag periods should be considered in future epidemiological study designs.
The differences between ICAM-1 and VCAM-1 are potentially relevant for interpreting results of the present study. Increased plasma ICAM-1 levels may indicate a general inflammatory state and upregulation in non-endothelial cells, whereas the VCAM-1 may have a more restricted distribution in the vascular system, thus explaining less consistent associations between VCAM-1 and certain clinical outcomes. 18 Indeed, very little is known about the determinants and regulation of plasma concentrations of these molecules. Caution has therefore been urged in interpretation of disparate studies on their utility for predicting clinical disease, especially since the published studies have not controlled for a consistent set of clinical covariates. 13 We were interested in the associations between these two markers of inflammation and particulate pollutants; the varying patterns of association we observed may be partly because of their differential distributions in the vasculature. In our study, we evaluated levels of these molecules in plasma, not using immunohistochemistry, further limiting the ability to identify the source (endothelial vs systemic) of these molecules, since they were not measured on cell surfaces.
The strengths and limitations of using ambient monitors to assign air pollution exposure in a cross-sectional study have been discussed. 34 In brief, differences in the spatial homogeneity for each particle measure may affect the degree of measurement error involved in using a single outdoor monitor as a surrogate of personal exposure. However, a single, centrally located monitor has been used to estimate exposure to particles of the size fraction and composition we were evaluating in other similar studies, 32 and comparisons of levels monitored at various sites around Boston suggest that one monitor can provide a reasonable estimate of personal exposure. 39 Particle measurements with numerous local sources, such as mobile source emissions of BC, are typically more spatially heterogeneous than regional pollutants such as SO 4 22 . Therefore, we would have expected associations to be most attenuated for BC due to measurement error. This was not the case, as most of the strongest observed associations involved BC and not SO 4 22 . This cross-sectional study contributes to a growing body of literature that suggests that inflammation may be an
Policy implications
N Air quality standards are intended to protect the most vulnerable populations, and understanding the mechanisms of how diabetes may contribute to vulnerability is an important part of the evidence base for setting and enforcing protective standards.
N Individual and clinical risk factors are probably not the only contributors to the burden of ill health among people with diabetes; environmental quality may be an important intervention to improve quality of life in this population.
Main messages
N Hospital admissions and deaths linked to particulate air pollution exposure disproportionately affect people with diabetes, but the biological mechanisms are not fully known.
N Inflammatory blood markers were found increased, some significantly so, after periods of higher ambient particulate pollution, among individuals with diabetes, after controlling for other individual risk factors associated with inflammation.
N These results are consistent with previous reports suggesting that inflammation may be an important biological mechanism explaining susceptibility to cardiovascular effects associated with air pollution exposure among people with diabetes.
explanatory factor for the greater risk for adverse cardiovascular consequences due to exposure to airborne particles in people with diabetes. Additional studies with larger sample size in differing locales with higher pollution levels, or different pollutant mixes, would be needed to confirm these findings. However, the present evidence is consistent with other studies showing greater air pollution sensitivity among individuals with diabetes. If the preponderance of evidence continues to confirm this potential susceptibility, environmental, in addition to lifestyle and medical, interventions may need to be considered to improve the quality of life among the growing population of people with diabetes.
